Background. Reduced gait speed is common following traumatic brain injury (TBI). Several studies have found that people with TBI display increased lateral movement in their center of mass while walking. It has been hypothesized that reduced gait speed following TBI is a consequence of increased caution and postural instability, but reduced ankle power generation at push-off may also play a contributing role. Objective. To determine whether postural instability or reduced muscle power were associated with reduced gait speed following TBI. Methods. A convenience sample of 55 people with TBI receiving physiotherapy for gait disorders were assessed using 3D gait analysis at self-selected and fast walking speeds. A comparison group of 10 healthy controls performed walking trials at a speed matched to the mean TBI self-selected speed and at a fast walking speed. Results. When matched for speed, people with TBI walked with similar cadence and step length but with reduced ankle power generation at push-off and increased hip power generation both in early stance and in preswing compared with healthy controls. Width of base of support and postural instability were also significantly increased for people with TBI. The differences between the 2 groups at the matched speed remained for the fast speed condition. Postural stability did not deteriorate with increasing gait speed in either group. Conclusion. Reduced gait speed following TBI appears to be attributable to biomechanical deficiencies such as reduced ankle power generation rather than reduced postural stability and increased caution.
Introduction
Traumatic brain injury (TBI) is the leading cause of death and disability in adolescents and young adults. 1 People who suffer a moderate to severe TBI commonly experience gait disorders; thus, achievement of independent gait is a major focus of rehabilitation following TBI. People with TBI walk more slowly when compared with able-bodied people. [2] [3] [4] [5] [6] It has been hypothesized that reduced gait speed following TBI is typically a consequence of increased cautiousness resulting from reduced postural stability. 5 Following TBI, postural instability (or dynamic instability as it is sometimes called) is associated with increased lateral movement of the center of mass (COM) while walking. [2] [3] [4] Therefore, reduced gait speed for people with TBI may simply be an adopted strategy to improve safety. Alternatively, it is possible that reduced gait speed following TBI is a consequence of impaired muscle strength, such as the ability to push off in terminal stance. To date, no study has evaluated whether reduced joint power generation contributes to reduced gait speed following TBI.
The primary muscle groups that are responsible for forward progression during stance phase are the hip extensors and ankle plantarflexors. [7] [8] [9] The contributions of both these muscle groups increase with increasing gait speed in unimpaired young people. [7] [8] [9] Hip flexor muscle activity in terminal stance and early swing is important for accelerating the trail limb forward. [8] [9] [10] Investigation of the contribution of these 3 muscle groups at self-selected and faster gait speeds may assist in determining the cause of reduced gait speed following TBI. Although equinovarus deformity affecting push-off after TBI has been well documented, [11] [12] [13] [14] [15] deficiencies in proximal muscle groups have not been explored. Management of fixed equinovarus deformity caused by contracture is typically managed surgically, [11] [12] [13] whereas botulinum toxin injection is the primary intervention for dynamic equinovarus deformity caused by spasticity. 15 Although reduced ankle power generation at push-off results in a slow asymmetrical gait pattern, 12, 15 the impact of this deformity on proximal muscle power generation has not been reported.
The first aim of the current study is to identify the key differences between people with TBI at their self-selected walking speed and a sample of healthy controls walking at a matched speed. It is hypothesized that at a matched speed, people with TBI will display equivalent cadence, stride length, and width of base of support (BOS) but increased lateral displacement of their COM compared with healthy controls. It is also hypothesized that the TBI cohort will have reduced ankle power generation at push-off, which will be compensated for by proximal muscle groups in an attempt to optimize gait speed. The second aim was to identify the key differences in the strategies adopted by the TBI and healthy control samples to increase gait speed. It is hypothesized that people with TBI will be less able to walk at faster gait speeds, and would rely on greater contributions from the proximal muscle groups compared with healthy controls.
Methods Participants
Participants with TBI currently attending physiotherapy for gait limitations at Epworth Hospital, Melbourne, Australia were invited to participate in this project. This project was approved by Epworth Hospital's HREC (study number 34006), and the University of Melbourne (Ethics ID: 060496.1). Patients who were included were those who (a) had sustained a TBI and (b) were able to walk independently over a distance of 20 m without the use of a gait aid. The majority (94.5%) of participants had sustained their TBI as a result of motor vehicle accidents and the remainder as a result of high-velocity sporting accidents. Patients who were excluded were those who (a) were unwilling or unable to provide informed consent, (b) presented with concurrent central nervous system disorders, and (c) had severe cognitive or behavioral problems that prevented assessment. All those who were invited to participate consented to do so. Data were also collected from a sample of 10 healthy controls (HCs). The HCs were aged 18 to 35 years and had no central nervous system disorders or previous musculoskeletal injury that limited their ability to walk. Table 1 summarizes the demographic data for the TBI and HC samples.
Instrumentation
Three-dimensional (3D) gait analysis was performed at the Centre for Health, Exercise and Sports Medicine, in the School of Physiotherapy at The University of Melbourne. Kinematic data were acquired using a motion analysis system (Vicon 512, Oxford Metrics, Oxford, UK) with 8 cameras sampling at a rate of 120 Hz. Ground reaction force data were collected using 3 force plates (Advanced Mechanical Technology Inc, Watertown, MA) sampling at a rate of 1080 Hz.
Procedures
Twenty-five (14-mm diameter) reflective markers were mounted on the skin at specific locations on the pelvis and both lower limbs following a previously described protocol. 16 Participants initially performed a standing anatomical calibration trial, with additional markers placed bilaterally on the medial femoral condyle, medial malleolus, and proximal posterior calcaneum of both legs. These markers were used to define joint center locations and anatomical coordinate systems. 16 The hip joint center was found using the method of Harrington et al. 17 Participants with TBI performed walking trials over a 12-m walkway while data were collected at their selfselected walking speeds. Spatiotemporal, kinematic, and kinetic data for 5 trials were captured for each lower limb to gain a representative sample. To control for the effect of speed on kinematic and kinetic data, HC participants were initially asked to walk at a speed comparable with the mean (±5%) TBI self-selected walking speed. HCs were given verbal feedback regarding the accuracy of the matched speed. Only trials within 5% of the mean TBI self-selected walking speed were included. Spatiotemporal, kinematic, and kinetic data were also collected for 5 trials for each of the HC participants. Spatiotemporal, kinematic, and kinetic data were also recorded for the TBI and HC groups at their fastest safe gait speed. TBI participants were asked to walk at their fastest safe speed if they felt comfortable to do so. The HC participants were also asked to walk at their fastest safe speed. The HC fast trials were not matched for speed to the TBI fast trials. Finally, the HCs were asked to perform 5 gait trials at their self-selected gait speed to compare their gait velocity with that of the TBI sample. Only gait velocity was recorded for these trials. A clinical measure of mobility was also recorded for the TBI participants using the high-level mobility assessment tool (HiMAT). 18 The HiMAT was chosen as it is the best measure of mobility for people with TBI who are independent of gait aids. 19 
Data Analysis
Three-dimensional joint kinematic and kinetic calculations were performed using Bodybuilder software (OMG Plc, Oxford, UK). All lower-limb-joint kinematic and kinetic data were computed using a previously described approach. 16 Width of BOS was calculated as the perpendicular distance between the calcaneal markers. The COM was represented by a sacral marker placed over S 2 . Lateral COM displacement was calculated as the range between maximum and minimum values of the sacral marker in the frontal plane during the gait cycle.
To test the proposed hypotheses, the key variables of interest (see Table 2 ) related to gait speed, dynamic postural control, and forward propulsion were assessed. Variables analyzed included the following: (a) spatiotemporal parameters (velocity, cadence, step length, stance time, double support, and width of BOS), (b) kinematic parameters (lateral COM displacement), and (c) kinetic parameters (hip and ankle joint powers).
Gait velocity, step length, and stride length were normalized for height, and joint powers were normalized to body mass to compare data across subjects. All statistical tests were performed on the normalized data, but raw figures were reported for gait velocity, step length, and stride length for ease of interpretation. All variables of interest were assessed for distribution normality. A logarithmic data transformation was performed for cadence and lateral COM displacement so that the relevant parametric tests could be used.
Summary statistics (mean and standard deviation [SD])
were generated for all the variables of interest and presented, where applicable, in relation to the participant's more-affected leg (nominated by the participant). Comparisons between the TBI and HC samples were made at each gait speed using an independent 2-tailed t test. To evaluate the effect of increased gait speed on the variables of interest, for each participant, percentage change values were calculated for each variable for the self-selected/matched gait speed compared with the fast gait speed. Finally, correlation coefficients were calculated to identify which variables demonstrated the strongest association with gait speed, cadence, and stride length.
Results
The participants with TBI were predominantly young and male, consistent with the broader TBI population. In all, 55 participants with TBI were recruited for this study, and gait data were collected at their self-selected speed. Of these, 19 participants with TBI elected not to attempt gait at a faster speed. Table 1 outlines the demographic data for the 55 participants who performed gait at a self-selected speed and the subset of 36 participants who also performed gait at a faster speed. Of the 55 TBI participants, 51 had a length of posttraumatic amnesia in excess of 28 days, indicating that they had sustained an extremely severe brain injury. 20 The TBI sample varied considerably in the time to testing postinjury. Because of the multitraumatic nature of the injury, 6 participants had fractures involving 1 lower limb, and an additional 5 participants had sustained bilateral lower limb injuries. Only 1 participant had a fixed equinovarus contracture that affected gait performance. This result indicates that the incidence of equinovarus deformity was low in this sample and unlikely to have affected the results of this study. No significant difference was identified between the TBI and HC samples for age, height, or weight. The self-selected walking speed for the TBI sample (1.06 ± 0.33 m/s) was significantly slower (P < .001) than the self-selected walking speed for the HCs (1.45 ± 0.12 m/s).
The 19 participants with TBI who did not perform gait at a faster speed had a significantly slower self-selected speed when compared with the remaining 36 participants with TBI who were able to walk faster. They also had a significantly greater lateral COM displacement ( Table 2 ). For the 36 TBI participants who successfully performed faster gait trials, there was no relationship between their self-selected gait speed and the relative increase in speed obtained for their faster gait.
At a matched speed, there were no differences between the TBI (n = 55) and HC participants for cadence and stride length (Table 2) ; however, the large SDs for the TBI sample indicate significant variability in performance. This .256
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28 . The first 2 columns of TBI data are grouped as those who were unable to walk at faster gait speeds (n = 19) and those who were able to walk at faster gait speeds (n = 36), respectively.
is despite the presence of abnormalities in several other variables of interest. For example, when compared with the HC sample at a matched speed, participants with TBI had significantly increased hip power generation in early stance and in terminal stance/preswing. They also had significantly greater lateral COM displacement and width of BOS. Finally, ankle power generation at push-off was found to be reduced, and although this did not reach statistical significance (Table 2) , it was strongly correlated with gait speed for the participants with TBI. Group mean (±1 SD) hip and ankle joint powers across the gait cycle for the TBI and HC populations at a matched speed are displayed in Figure 1 (top panels). For the 36 TBI participants who performed gait at a faster speed, the differences between the TBI and HC samples identified for the matched speed condition persisted for the fast speed condition. Although there was no significant difference between the TBI and HC samples at a fast speed for cadence or stride length, TBI participants did demonstrate a reduced capacity to increase their step length ( Table 3 ). The HC participants demonstrated large relative increases in all 3 joint power variables when increasing gait speed ( Table 3 ). In comparison, the TBI participants were able to generate a similar relative increase in hip power generation in early stance (Table 3) . This appeared to be the key strategy used by TBI participants to increase their gait speed because they displayed a significantly reduced capacity to increase ankle power generation at push-off and hip power generation at terminal stance/preswing when compared with the HC sample (Table 3 ). Group mean (±1 SD) hip and ankle joint powers across the gait cycle for the TBI and HC populations at a fast speed are displayed in Figure 1 (bottom panels) .
The TBI participants demonstrated a strong negative relationship between lateral COM displacement and gait speed ( Table 4) , indicating that a larger lateral COM displacement was associated with slower self-selected gait speeds. Lateral COM displacement and gait speed were unrelated for the HCs (Table 4) . When asked to walk at faster gait speeds, the HCs reduced their lateral COM displacement. In comparison, the 36 participants with TBI who were able to perform fast gait trials were unable to reduce their lateral COM displacement as effectively ( Table 3 ). The 36 TBI participants who performed faster gait trials had a smaller lateral COM displacement than the 19 TBI participants who elected not to, but their lateral COM displacement was still significantly greater than that for the HC sample ( Table 2) .
There was a significant positive relationship between width of BOS and lateral COM displacement at both gait speeds for the TBI sample but not for the HCs. For the TBI sample, the correlation between width of BOS and lateral COM displacement was .65 (P < .01) at the self-selected speed and .44 (P <.01) at the fast speed, indicating that larger lateral COM displacement was associated with a wider BOS. For the HC sample, the correlation between width of BOS and lateral COM displacement was .45 (P = .20) at the matched speed and .02 (P = .96) at the fast speed.
When asked to walk at faster gait speeds, HCs displayed a larger relative increase in step length than cadence (Table 3 ). In contrast, participants with TBI had equivalent relative increases in the step length of their more-affected leg and cadence when increasing gait speed. The participants with TBI did not favor their more-or less-affected leg when increasing step length while walking at faster gait speeds ( Table 3) . For the TBI sample, step length and cadence were highly correlated with gait speed for the fast gait condition, yet for the HCs, only cadence was strongly correlated with gait speed (Table 4 ). Stance time on each leg and doublesupport time were all highly inversely correlated with gait speed for the TBI and HC participants for both speed conditions (Table 4 ). There were no significant differences between TBI and HC groups at either speed condition for stance time on each leg or double-support time ( Table 3) . Abbreviations: TBI, traumatic brain injury; HC, healthy control; COM, center of mass. a Statistical tests were performed on step and stride length after they had been normalized for height. b Pearson correlation is significant at the P < .05 level (2-tailed).
Discussion
This study compared the gait of a sample of people who had suffered a severe TBI with a group of HCs of similar age, height, and weight. Two important characteristics were revealed. First, people with TBI showed increased peak hip power generation during initial and terminal stance compared with the HCs. It is likely that this strategy was a consequence of reduced ankle power generation during terminal stance. Second, lateral COM displacement was greater for the TBI participants in comparison with the HC participants, indicating possible postural instability. At a faster gait speed, the lateral COM displacement for the HCs reduced, but that for the 36 TBI patients remained unchanged. These findings suggest that despite the possible presence of postural instability, people with TBI appear less able to increase ankle plantarflexor power generation for faster gait speeds when compared with HCs. The self-selected gait speed for the TBI participants in the current study was slower than the normal self-selected gait speed for healthy young adults reported in previous studies. [3] [4] [5] This may be explained by the reduced (but not significantly so) ankle power generation at terminal stance for the TBI participants. It seems that even at their preferred self-selected gait speed, ankle power generation at push-off for the TBI participants may not be adequate. Reduced ankle power generation during terminal stance was associated with significantly increased peak hip power generation during both initial and terminal stance. These findings suggest that people with TBI appear to preferentially recruit proximal muscle power to compensate for distal muscle weakness.
The majority of the TBI participants in the current study were able to perform gait at a faster speed; however, they demonstrated a clear inability to increase ankle power generation to the same extent as the HCs. An increase in hip and ankle power generation is necessary to increase speed when walking in normal gait, [8] [9] [10] yet at a self-selected speed, the TBI participants already displayed increased peak hip power generation in comparison with the HC participants. Increased use of hip power generation for short periods during testing may enable faster gait speeds, but this strategy is likely to be inefficient for prolonged periods. These findings therefore suggest that insufficient ankle power generation during terminal stance, a primary contributor to forward acceleration, [7] [8] [9] was likely to be the dominant factor explaining the reduced gait speed of the TBI participants in the current study.
Postural instability during gait, as quantified by lateral COM displacement, was significantly increased for the TBI participants in comparison to the HCs for both the selfselected and fast speed conditions. TBI participants also had a wider BOS for both conditions. These results suggest that postural instability may be factor responsible for reduced gait speeds after TBI. However, the magnitude of the lateral COM displacement displayed by the TBI participants was not found to change with an increase in walking speed ( Table 3 ). The 36 TBI participants who were able to safely increase their gait speed, therefore, did so without a concomitant increase in their lateral COM displacement. Changes to width of BOS when accelerating were also not appreciable (Table 3 ). Although width of BOS and lateral COM displacement were strongly related for TBI participants, they were able to increase gait speed to an extent similar to that of HCs. It is possible that for some participants with TBI, cautionary strategies implemented because of postural instability may have resulted in a slow selfselected gait speed. However, these results suggest that the compensatory strategy adopted for reduced postural control and instability is widening of BOS rather than a reduction in self-selected gait speed.
Previous studies have indicated reduced stride length, rather than cadence, to be primarily responsible for reduced gait speed. [2] [3] [4] [5] In this cohort, stride length and cadence were both reduced and were strongly correlated with gait speed under both conditions for TBI. One possible explanation for this discrepancy is the larger sample size and greater severity of injury in this study. 3, 5 Ochi et al 6 investigated a large sample of TBI participants walking at a slow speed. Although the injury severity of the TBI participants was not reported, they were found to walk with a reduced stride length and cadence in comparison to an unimpaired cohort. These findings suggest that both stride length and cadence need to be evaluated when investigating the mechanism behind reduced gait speed following TBI.
The results from the current study need to be interpreted in the light of several limitations. The TBI participants were quite heterogeneous in terms of clinical presentation and ability. It is reasonable to suggest that people with clinical presentations such as ataxia or hemiparesis may use different strategies to maintain a safe self-selected gait speed. Because a valid biomechanical rationale for classifying TBI gait disorders has not been developed to date, we were unable to perform any subgroup analysis. 21 The inability to adequately classify or subcategorize people with TBI inhibits the ability to provide detailed descriptions of a large TBI cohort and may limit extrapolation of these findings to nonroad-trauma-related TBI. Nevertheless, 3D gait analysis is the gold standard for quantifying gait disorders and provides the most accurate information to describe and diagnose gait disorders.
The cause of the reduced ankle plantarflexor power generation at push-off cannot be determined from the results. Several physical factors, such as muscle tone and spasticity, neuromuscular coordination, and muscle strength are required for normal ankle plantarflexor power generation at push-off. Now that reduced ankle plantarflexor power generation at push-off has been identified to be strongly associated with reduced gait speed following TBI, further investigation into the cause of the gait changes is required. Studies investigating gait disturbances in healthy elderly 22 and stroke populations [23] [24] [25] [26] have also reported an inability to generate ankle power during terminal stance, along with compensatory increases in hip power generation. Reduced ankle power generation at push-off seems to be caused by weakness in the distal musculature, which is compensated for proximally if those proximal muscles are not already performing maximally. 22, 23 The cause of selective distal muscle weakness affecting gait in healthy elderly people is not clearly understood and may differ from that found in stroke, where people are also predominantly elderly but have sustained a cerebrovascular injury. Similarly, the cause of reduced ankle power generation at push-off in TBI may not be solely attributable to muscle weakness, particularly in a population susceptible to spastic equinovarus. [11] [12] [13] [14] [15] Nineteen of the participants with TBI elected not to attempt faster gait trials. Although data were collected for their self-selected gait trials, we do not know the impact of increasing speed on their gait performance. These participants may have been unable to safely walk at a faster speed, yet some, for various reasons, may have opted not to perform faster gait trials despite the ability to do so. The gait trials analyzed in this study were performed as straight-line walking indoors, on a flat, even surface in a gait laboratory. Such a gait pattern does not necessarily reflect everyday walking where many directional changes, starting/stopping, and obstacle avoidance strategies are required. It is possible that postural instability has less of an impact on gait in a laboratory setting than when ambulating around the home and in the community.
Conclusions
Reduced gait speed following TBI was associated with reduced ankle power generation at push-off. Ankle power generation at push-off was further reduced at faster gait speeds when compared with HCs. Hip power generation in early stance and in preswing was increased compared with that of HCs. People with TBI used greater relative increases in hip power generation than HCs to walk at faster gait speeds. Postural instability, measured by lateral COM displacement, was present in this population, yet was unchanged at faster speeds, suggesting that it was not a primary factor behind the reduced gait speed of people with TBI.
